Peptidoglycan is a major constituant of the cell wall of Gram-positive bacteria and consists of glycan chains of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) which are cross-linked to each other by short peptides, allowing the formation of a rigid polymer that surrounds the bacterial cell. During bacterial life cycle, peptidoglycan is constantly degraded by specific hydrolases and newly synthesized subunits are integrated into the polymeric structure, allowing biological proc esses such as cell division. In Gram-negative bacteria, a thin layer of peptidoglycan is also found in the periplasmic space. Apart from the thickness and the degree of stem peptides cross-linking, an important difference between Grampositive and Gram-negative peptidoglycans resides in the nature of the third amino acid of the peptides. In Gram-positive bacteria, this amino acid is commonly a lysine while a diaminopimelic acid is found in most Gram-negative bacteria. Extensive analysis from many bacteria has revealed that, in steady state conditions, peptidoglycans from each bacterial strain have somehow fixed proportions of di-, tri-, tetra-or penta-peptide substituted to the MurNAc sugar moiety.
Introduction
4 lysozyme or amidase degrade PG polymers. Therefore, in order to better understand the role of Nod molecules in innate immune defense following infection by various bacteria, it is necessary to define the PG structural requirements allowing detection by this class of pattern-recognition molecules. For this purpose, we have analyzed the sensing specificity of Nod1 and Nod2 towards a large array of PG products and muramyl peptides, either naturally occuring or synthetically engineered. Our results provide new insights into the specific functions of Nod1 and Nod2 in PG detection during bacterial infections.
by guest on June 20, 2017 http://www.jbc.org/ Downloaded from a reaction mixture (100 µl) containing 100 mM Tris-HCl buffer, pH 8.6, 15 mM MgCl 2 , 5 mM ATP, 1 mM UDP-MurNAc-L-Ala-D-Glu, 20 mM L-Orn or L-Lys, and pure 6xHis-tagged MurE from S. aureus (7 µg) . In all cases, incubation was performed overnight at 37°C. DAPand L-Lys-containing UDP-MurNAc-tetrapeptides were generated by the specific cleavage of the C-terminal D-Ala-D-Ala bond of the corresponding UDP-MurNAc-pentapeptides by purified D,D-carboxypeptidase (PBP5) of E. coli, according to Templin et al. (18) . In all cases, the reactions were stopped by addition of 5 µl acetic acid and the different nucleotide precursors were purified by HPLC on a Nucleosil 5C 18 column (4.6 x 250 mm), using elution with 50 mM ammonium formate (eluent A), at a flow rate of 0.6 ml/min. After an isocratic step at pH 3.15 for MurNAc-peptides and derivatives. 1-Phospho-MurNAc-tripeptide and dihydrouridinediphospho-MurNAc-tripeptide were obtained from UDP-MurNAc-L-Ala-g-D-Glu-meso-DAP by pyrophosphatase treatment and catalytic hydrogenation, respectively, as described by Michaud et al. (19) . MurNAc-peptides were generated by mild acid hydrolysis (0.1 M HCl, 7 (where X : meso-DAP or L-Lys) were obtained by treatment of the corresponding MurNAcpeptides with partially purified E. coli N-acetylmuramoyl-L-alanine amidase according to the method of van Heijenoort et al. (22) . Dipeptide g-D-Glu-meso-DAP was obtained by treatment of the tripeptide L-Ala-g-D-Glu-meso-DAP with aminopeptidase M in a reaction mixture (100 µl) consisting of 50 mM sodium phosphate buffer, pH 7.6, 1 mM tripeptide and aminopeptidase M (Boehringer, 200 units). After 24 h of incubation at 37°C, the reaction was complete, as judged by the release of an equivalent of alanine and appearance of a new peak corresponding to the dipeptide, detected with the amino acid analyzer. The different peptide were purified by HPLC (above conditions, using eluent B).
Amino acid analysis. Amino acid and amino sugar compositions were determined with a Hitachi model L8800 analyzer (ScienceTec, Les Ulis, France) after hydrolysis of samples in 6 M HCl at 95°C for 16 h. PG purification, enzymatic digestions and HPLC analysis. PG from E. coli MC1061 was isolated and purified as previously described (3). The experimental procedure used allows for the purification of insoluble polymeric PG. This material was digested with lytic enzymes including muramidase (mutanolysin, Sigma) and purified human serum amidase as described (23) . Digestions of 50 µg of purified PG with muramidase and amidase were done in 12.5 mM phosphate buffer, pH 5.8, containing 0.02% sodium azide, and 50 mM Tris-HCl buffer, p H 7.9, containing 5 mM MgCl 2 , 0.02% sodium azide, respectively. Samples were incubated overnight at 37°C in the presence of 50 µg of mutanolysin and 25 µg of amidase, respectively.
Bacillus subtilis PG muropeptides were separated by high-performance liquid chromatography as previously described (3).
Cells and reagents. HEK293T were cultured in DMEM containing 10% fetal calf serum. Prior to transfection, HEK293T cells were seeded into 24 well plates at a density of 10 5 cells/ml as described previously (24) .
Expression plasmids and transient transfections. The expression plasmid for Flag-tagged
Nod1 was from Gabriel Nuñez (University of Michigan Medical School, Ann Arbor, MI) and has been previously described (25) . The expression plasmid for Nod2 was from Gilles Thomas At the same time, 1 mg of PGN preparations or 10 picomoles of muramyl peptides were added to the cell culture medium and the synergistic NF-kB-dependent luciferase activation was then measured following 24h of co-incubation. NF-kB-dependent luciferase assays were performed in duplicate and data represent at least 3 independent experiments. Data show mean ± SEM.
Analysis of the activation of Nod1 by HPLC fractions from B. subtilis PG was carried out as previously described (3).
Results and Discussion
PG polymers can be degraded by two major classes of lytic enzymes. The first class includes bacterial autolysins such as muramidase and vertebrate lysozyme enzymes which catalyze the cleavage of the b-1-4 bond between GlcNAc and MurNAc in glycan strands to generate muropeptides. Amidases represent the second class of PG lytic enzymes that cleave the bond between the lactoyl group of MurNAc and L-alanine. We aimed to identify whether Nod1 and Nod2 could still detect PG following digestion by muramidase or amidase. To this end, PG from E. coli was purified. Addition of non-digested insoluble polymeric PG to Nod1-or Nod2-expressing HEK293 epithelial cells potentiates the Nod1-and Nod2-dependent activation of the NF-kB pathway, as previously described. We then centrifuged the E. coli PG preparation and showed that the supernatant could not potentiate the Nod1 or Nod2 pathways, confirming that the PG motifs activating Nod1 and Nod2 are effectively present in the insoluble polymeric PG (Fig. 1A) . The same centrifugation procedure was then applied to PG previously digested by amidase or muramidase. In this assay, the collected supernatant contains monomeric disaccharide units (muropeptides) in the case of muramidase treatment, and glycan-free peptides after amidase treatment. We observed that muramidase digestion of PG liberates soluble muropeptides that are detected both by Nod1 and Nod2 (Fig. 1A) , a result which was expected since Nod1 and Nod2 detect GM-Tri DAP and GM-Dipeptide, respectively. Surprisingly, amidase digestion of PG liberated soluble fragments that were efficiently detected by Nod1 but not by Nod2 (Fig. 1A) . PG from E. coli digested with muramidase was then chemically reduced using NaBH 4 at alkaline pH. In such conditions, only the MurNAc moieties are reduced and lose their cyclic structure while the linked amino acids remain unaltered. We observed that the chemical reduction of the PG sugar moiety abolishes Nod2 sensing while Nod1 could detect both native and reduced PG fragments (Fig. 1B) . Together, these results demonstrate that Nod1 and Nod2 display different specificities towards PG sensing. While Nod1 sensing appears to rely only on the PG peptidic moiety, Nod2 requires an intact MurNAc group substituted to a peptidic chain.
Moreover, these results suggest that amidases, produced either by the host or the bacteria, could affect the balance between Nod1-and Nod2-dependent PG sensing.
In order to define the minimal PG motif detected by Nod1 and Nod2, several muramyl peptides, propionyl peptides, lactoyl peptides and peptides were isolated or synthesized and their purity was confirmed by several biochemical methods, including reverse phase HPLC and amino acid analysis ( Fig. 2A , see also the Methods section). Of note, the muramyl dipeptide used in this study is MurNAc-L-Ala-D-Glu (depicted here as M-Di), while commercially available muramyl dipeptide used in previous studies from our group and others is MurNAc-L-Ala-DisoGln (MDP), in which the second amino acid is an isoglutamine residue. We choose to use M-Di rather than MDP since D-Glu is more common than isoglutamine in PGs, and because the other muramyl peptides of this study also contain D-Glu. These molecules were then analyzed for their ability to stimulate the Nod1-and Nod2-dependent NF-kB pathway. We first observed that Nod1 detects neither M-Tetra DAP nor M-Di, but detects efficiently M-Tri DAP (Fig. 2B) 2B ), which explains why amidase-digested PG is still detected by Nod1 (see Fig. 1A ).
We then tested peptides smaller than Tri DAP (L-Ala-D-Glu and g-D-Glu-meso-DAP) and free amino acids (L-Ala, D-Glu, meso-DAP) and showed that the minimal motif detected by Nod1 is dipeptide g-D-Glu-meso-DAP (Fig. 2B) . However, g-D-Glu-meso-DAP is sensed by Nod1 with ~3 fold less avidity than Tri DAP in our assays, suggesting that the L-Ala residue present in Tri DAP may be required for optimal detection of PG by Nod1. Moreover, equimolar addition of free D-Glu and meso-DAP is inactive in triggering Nod1, demonstrating that the bond between these two amino acids is critical for Nod1 sensing. Together, these results demonstrate that Nod1 detects PGs containing the motif (L-Ala)-g-D-Glu-meso-DAP in which the meso-DAP is in terminal position. These observations are in good agreement with a recent study from another group (4) that used a strategy of chemical synthesis to demonstrate that gisoGln-meso-DAP is the minimal PG motif detected by Nod1. Interestingly, D-Glu and meso-DAP amino acids are absent from eukaryotes and g-D-Glu-meso-DAP therefore represents a very simple signature of bacterial origin. Surprisingly, we also observed that Nod1 detects only weakly lactoyl-Tri DAP even though this compound contains the motif (L-Ala)-g-D-Glu-meso-DAP with a terminal meso-DAP (Fig. 2B) . Dose-response analysis revealed that lactoyl-Tri DAP is sensed by Nod1 with ~10 fold less avidity than GM-Tri DAP , M-Tri DAP or Tri DAP (data not shown) in our assays, and the reason for this discrepancy remains obscure.
We next investigated which of these compounds could be detected by Nod2. As expected, none of the molecules lacking the MurNAc sugar moiety could activate Nod2 efficiently (Fig. 2B ). In agreement with our previous results (3), we observed that Nod2 detects muramyl dipeptide (M-Di in this study, but MDP in previous work (5)) but neither M-Tri DAP nor M-Tetra DAP (Fig. 2B) . Moreover, the fact that Nod2 detects M-Di as well as MDP demonstrates that amidation of the second amino acid does not significantly influence the ability of Nod2 to detect muramyl dipeptides.
The above results, together with our previous observations, suggest a critical role for a terminal meso-DAP residue in Nod1-dependent detection of PG. In order to identify critical parts of the meso-DAP molecule that are required for efficient Nod1 sensing, we purified eight muramyl tripeptides differing only in the nature of the third amino acid (Fig. 3A , see Methods section for procedures leading to their isolation). In addition to M-Tri DAP , the only muramyl tripeptide detected by Nod1 is the structurally related M-Tri Lan (Fig. 3B) , which is naturally present in PGs from some Gram-negative bacteria such as Fusobacterium nucleatum. Indeed, meso-lanthionine differs from meso-DAP only by the replacement of the central carbon atom by a sulfur (see Fig. 3A ). All the other muramyl tripeptides were not (or weakly) sensed by Nod1 (Fig. 3B) , showing the requirement of : (i) the carboxyl group substituted on the Ce, since M- These muramyl tripeptides were also tested for detection by Nod2. Surprisingly, we observed that Nod2 not only detects M-Di but also M-Tri Lys and M-Tri Orn (Fig. 3C ). These results demonstrate specific features of Nod2-dependent sensing of PG which differ from those In the case of the detection of B. subtilis PG by Nod1, an apparent discrepency could be identified between our previous observations (3) and results by an other group (4). Indeed, in our assays, we did not observe activation of Nod1 by B. subtilis PG, while equivalent amounts of
S. flexneri PG were active (3). This result is consistent with the present observation that Nod1
does not detect M-Tri DAPamide , a muramyl peptide found in B. subtilis PG (see Fig. 3B ). In contrast, the group of Inohara reported activation of Nod1 by B. subtilis PG (4). In order to clarify this question, we analyzed the detection of B. subtilis PG by Nod1 in further detail. We first observed that, while 1 mg/ml B. subtilis PG could not stimulate Nod1 as we reported previously (3), increasing the PG concentration up to 5 mg/ml allows a moderate activation of Nod1 (Fig. 4A) . In contrast, even 5 mg/ml Staphylococcus aureus PG is unable to activate Nod1 (Fig. 4A ). By comparison with PG from a Gram-negative bacteria such as S. flexneri, we observed that ~10-fold more B. subtilis PG is required to activate Nod1 to a similar extent ( Fig.   4A and data not shown). We then isolated individual muropeptides from B. subtilis PG by reversed-phase high-performance liquid chromatography (HPLC; Fig. 4B) . Each fraction was then tested for activation of Nod1 (Fig. 4C) . While fraction 2 which corresponds to GM-Tri DAPamide was inactive, a minor fraction (fraction 1) corresponding to the canonical GM-Tri DAP could efficiently activate Nod1 (Fig. 4C) (27) . Together, these results imply that B. subtilis PG is a weak inducer of
Nod1 as compared to Gram-negative bacterial PGs, essentially because the DAP diamino acid is amidated to a high degree.
During bacterial growth, PG precursors are synthesized in a highly regulated step-bystep biosynthetic pathway, in which specific enzymes catalyze the progressive addition of amino acids to the growing muramyl peptide. During this process, the MurNAc sugar moiety is covalently linked through its C1 carbon to an uridine-diphosphate (UDP) group (Fig. 5A) . We aimed to investigate whether the addition of a UDP group to the MurNAc moiety could affect Nod1 detected both M-Tri DAP and UDP-M-Tri DAP (Fig. 5B) , indicating that the addition of a UDP group to the MurNAc moiety does not affect the ability of Nod1 to detect M-Tri DAP . This result was expected since the sugar moiety is dispensable for Nod1 to achieve PG sensing. In addition, the UDP group does not affect the ability of Nod2 to detect M-Di or M-Tri Lys (Fig.   5C ), or M-Tri Orn (data not shown). Surprisingly, while Nod2 does not detect M-Tri DAP , it senses UDP-M-Tri DAP as well as MDP or M-Tri Lys (Fig. 5C) . In order to investigate how the addition of an UDP group to the MurNAc moiety affects detection by Nod2, UDP groups from UDP-M-Di and UDP-M-Tri DAP were modified to generate the corresponding 1-phospho-MurNAcpeptides and dihydrouridine-diphospho-MurNAc-peptides. Using these products, we could demonstrate that the phospho group covalently linked to the C1 of MurNAc is sufficient to render Nod2 sensitive to M-Tri DAP -type muramyl peptide (Fig. 5D) . Furthermore, we hypothesize that these phosphate groups may form direct electrostatic interactions with the Ce carboxyl group present on the meso-DAP residue. Indeed, the presence of a UDP group modulates the ability of Nod2 to sense M-Tri DAP and M-Tri Apm but not M-Tri Lys (Fig. 5E) .
Together, these results show that the addition of a UDP group on the MurNAc sugar moiety modulates Nod2-but not Nod1-dependent sensing of muramyl peptides.
Recent progress has been made in the characterization of the role of intracellular bacterial sensing by Nod molecules in innate immunity. Nod1 plays a crucial role as a sentinel inside epithelial cells, the first line of defense against pathogens, since intestinal epithelial cells from Nod1-deficient mice are insensitive to bacterial products delivered into their cytosol (3). In the case of Nod2, genetic evidence has shown that patients with mutations in Nod2 display a strong susceptibility to Crohn's disease, a disorder characterized by a chronic inflammation of the bowel (28, 29) . At least in some cases, Nod2 mutations could be directly associated with defects in PG or muramyl dipeptide sensing (5, 6, 30) . 
